Recently, a covalent-like quasi-bonding was unveiled for the inter-chain interaction in a promising semiconductor, few-layer Tellurium. Such quasi-bond offers comparable bond lengths and strengths with those of a typical Te-Te covalent bond, which may lead to much easier transformations between the quasi-bonds and the covalent bonds. Here, we show a few structural phase-transitions among four Te allotropes in few-layer Te under charge doping. In particular, the semiconducting α-phase can transform into a smaller-bandgap β-phase, evensmaller-bandgap γ-phase and then metallic δ-phase in a Te bilayer. In a tri-layer, a metallic chiral α+δ phase is more stable under initial electron doping, leading to the appearance of chirality. Variations of electronic structures aside, these transitions are accompanied by the emergence or elimination of inversion centers (α-β, α-γ, α-α+δ), structural anisotropy (α-γ, γ-δ) and chirality (α-α+δ), which could result in substantial changes in optical and other properties.
Mono-and Few-layer Tellurium were recently unveiled a promising quasi-onedimensional layered material by both experimental demonstrations [1] [2] [3] [4] [5] and theoretical predictions 6, 7 . A distinctive feature of it lies in its rich number of allotropes that four phases were theoretically predicted 6, 7 . The most-stable few-layer α-phase (Fig. 1a) is comprised of helical Te chains bonded through covalent-like quasi-bonding (CLQB) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] across chains. It offers extremely high carrier mobility, with the bandgap varying from 1.17 eV (2L) to 0.30 eV (bulk). The bandgaps for 2L gradually reduce in the meta-stable β-(0.62 eV, Fig. 1b ) and metastable γ-phases (0.26 eV, Fig. 1c ), respectively. In contrast to these three phases, the straininduced δ-phase is metallic and chain-like 7 , which might be a promising candidate for atomic electric wires. These phases offer coexistence, competition and transitions among substantially different electronic structures.
Although these properties are rather striking, the β, γ and δ phases are, however, less stable in neutral and strain-free FL-Te and may spontaneously transfer into the most stable alpha phase.
It is thus crucial to maintain these less-stable phases using a long-lasting and feasible way.
Recently, the ionic liquid gating technique has been rapidly developing [17] [18] [19] [20] [21] [22] [23] , which achieved structural transitions among three configurations in SrCoO2.5 based oxides using H + or O 2-ions 20 . If those ions are not involved in doping, sole charge doping can induce TMDs transforming from their semiconducting 2H phase to the metallic 1T or 1T' phase 17, 21, 24, 25 .
However, these transitions are resulted from changes of bond angles but are not from breakdown or formation of new bonds as required in the transitions among these Te allotropes.
Few-layer Te (FL-Te) is a rather special case that the covalent characteristic of inter-chain CLQB largely lowers the energy costs for forming inter-chain and breaking intra-chain covalent bonds. It would be thus interesting to know if sole-charge-doping could manipulate covalent bonds in structural phase-transitions of Te and maintain those meta-stable Te phases, which may substantially extend the fields that doping techniques apply.
Fundamental interests [26] [27] [28] [29] [30] [31] [32] of controllable phase transitions in 2D materials aside, reversibly 17, 19, 20, 24, 33 and locally 18 controlled structural transitions among different Te phases may lead to diverse potential applications of Te as functional materials and devices, e.g.
improved metal-semiconductor contracts 21, 22, [34] [35] [36] , photonic devices 37 , catalysts 38 and rewritable data storage 39 . Beyond this, an all-Te transistor, e.g. α, β or γ for channels and δ for electrodes, might be realized by controlled phase changes, which achieves a mono-elemental transistor and is substantially different from previous transistors with metal or graphene electrodes. Along the lines of all-Te transistor, Te few-layers are also promising in building allTe heterojunctions, all-Te quantum wells or all-Te solar cells.
Here, we theoretically predicted structural transitions among these Te phases solely induced by charge doping. Either 2L or 3L exhibits three transitions among four phases. These transitions are accompanied by elimination or emergence of structural inversion symmetry and chirality, gradually reduced bandgaps, likely topological states or structural isotropy, which suggest diverse potential applications in terms of electronics, optics and related fields. We revealed the reasoning of all these transitions at the wavefunction level, including the emergence or extinction of central inversion symmetry or chirality. We also showed Raman spectra and band alignments of α, β and γ phases and discussed electric properties of these phases.
Results
Phase diagram. Fig. 1a-1d We therefore leave this area undefined in our present phase diagram and will discuss it elsewhere. In the following paragraphs, we intend to understand these three phase transitions,
Emergence of mirror symmetry. Semiconductor to metal transition. An α-bilayer is unstable and is prone to transform into a β-bilayer upon electron doping. Both β-and γ-bilayers share the same feature that they are comprised of rhomboid chains, but in a parallel and a network forms, respectively, as shown in Fig. 1b and 1c . It is thus expectable that the γ-bilayer (Fig. 3a) shows better stability than the β-bilayer. A metallic δ-bilayer also looks chain-like but it is comprised of zigzag chains (Fig. 3b) .
Here, the competition of γ-and δ-phases is thus highly relevant to the comparison of stability of these chains. We plotted distances d1, d2 and d3 in Fig. 3c that they reflect the inter-chain couplings among rhomboid or zigzag chains. In terms of the γ-bilayer, either the layer thickness (Fig. 3f) , becomes occupied upon electron doping, which strengthens the interactions between the middle and top/bottom sublayers and thus reduce the layer thickness.
The reinforced inter-sublayer interaction thus keeps the in-plane inter-chain distance (d3, blue pentagrams) nearly unchanged up to a level of 0.14 e/Te and slightly increased beyond that level due to a finite Poisson's ratio. These tendencies of bond-length variations suggest that the rhomboid chains are still network-like, in different from isolated zigzag chains as δ-bilayer behaves under high doping levels. Figure S9) . (Fig. 4d ).
In addition, charge reduction also weakens bonds Te7-Te8 (from 2.95Å to 3.27Å) and moves 
Discussion
Raman spectroscopy is a feasible technique for experimental identification of these phases. Fig. 5a show the theoretical Raman spectra of the α, β and γ bilayers. They show a few key identifications for distinguishing different phases. In terms of the β-phase, mode 1 10 seems an ideal indicator for the appearance of the β-phase that its frequency is nearly 10 cm -1 lower than that of the 1 11 mode (α-and β-phases) and is over 17 cm -1 larger than the 1 7 (α-phase) or 
Methods
Density functional theory calculations were performed using the generalized gradient approximation for the exchange-correlation potential, the projector augmented wave method 41, 42 and a plane-wave basis set as implemented in the Vienna ab-initio simulation package (VASP) 43 and Quantum Espresso (QE) 44 . Density functional perturbation theory was employed to calculate phonon-related properties, including Raman intensity (QE), activity (QE) and shifts (VASP), vibrational frequencies at the Gamma point (VASP) and other vibration related properties (VASP). The kinetic energy cut-off for the plane-wave basis set was set to 700 eV for geometric and vibrational properties and 300 eV for electronic structures calculation. A kmesh of 15×11×1 was adopted to sample the first Brillouin zone of the conventional unit cell of few-layer Te in all calculations. The mesh density of k points was kept fixed when calculating the properties for bulk Te. In optimizing the system geometry and vibration calculations, van der Waals interactions were considered at the vdW-DF 45, 46 level with the optB88 exchange functional (optB88-vdW) [47] [48] [49] , which was proved to be accurate in describing the structural properties of layered materials 10, 50-52 . The shape and volume of each supercell were fully optimized and all atoms in the supercell were allowed to relax until the residual force per atom was less than 1×10 -4 eV·Å -1 . Electronic bandstructures were calculated using optB88-vdW functional and hybrid functional (HSE06) 53, 54 with and without spin-orbit coupling (SOC).
Surface maps of valence and conduction bands shown in Fig. 2e-2l were calculated using the optB88-vdW functional.
Charge doping on Te atoms was realized with the ionic potential method 55 , which was used to model the chare transfer from graphite substrates. For electron doping, electrons are removed from a 4d core level of Te and placed into the lowest unoccupied band. For hole doping, electrons was removed from the valence band by adding a negative potential into the 4d core level of those three Te atoms.
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Supporting Information
Charge tunable structural phase transitions in few-layer tellurium Figure S1 . Schematic diagrams of vibrational displacements for imaginary vibration modes of bilayer Te in β phase. Figure S2a illustrates the vibrational displacement for the imaginary vibration mode of the neutral bilayer β, which indicates that β-Te is unstable tending to transform to α-Te. Figure 
Table S1
As each layer may take left-hand α (l-α), right-hand α (l-α) and δ chains, few-layer Te may have considerable arrangement and combinations. The number of possible phases consist of these three kinds of layers are listed as follow. As the number of layer increases, the diversity of phases increases rapidly and reaches 25 for 4L.
Number of layers
Number of phases 1 2 2 4 3 10 4 25 5 70 6 196 7 574 8 1681
